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Abstract

Low-energy (keV) Si ions are implanted on mask-pattered Si wafer at doses above amorphization threshold for a variety of implantation
conditions (ion dose, energy, temperature) and post-implantation annealing. Precise measurement of the surface swelling (step-height) on the
amorphous Si layer was carried out using an atomic force microscope (AFM). Thickness and microstructure of the ion-damaged layer was
evaluated by transmission electron microscopy (TEM) measurements. The measured step-height in excess to that contributed by implanted
ions shows a cube root dependence on the Si ion dose. The swelling heights studied for two different energies of Si ions show identical
step-heights. Implantation at low temperature (77 K) shows a reduced step-height, indicating possible contribution of migrated Si atoms in
t the surface
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he swelling. We propose that excess swelling is caused by migration and segregation of the displaced Si atoms from the bulk to
eaving behind corresponding vacancies in the lattice. Ellipsometric studies of the similarly damaged layer profile provide supportin
or surface segregation of Si atoms over the amorphous layer.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Ion implantation is widely used for doping and various
ther applications in semiconductor device fabrication. Dur-

ng high dose implantation the accumulated damage due
o lattice displacements gives rise to amorphous structure,
hich may depend on various parameters of implantation. In

he literature, ion implantation-induced amorphization has
een associated with a change in volume or density of the
ost material, which results in surface expansion or swelling
a change in linear dimensions) of the implanted region[1,2].
xperiments with materials to be used as a first wall for future

eactors have revealed that relative elongation of�-SiC under
eutron irradiation can be as high as 0.7%[3]. The swelling
ffect has been observed in a variety of other common semi-
onductors such as Si, Ge, SiC, GaAs, etc. However, the ex-
ct mechanism behind such expansion in Si has not been
nderstood properly. Studies on amorphized regions of Ge
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[4] and GaSb[5] have shown that formation of nanopo
or voids is responsible for the swelling of the implanted
gion. However, no such nanostructures have been fou
ion-implanted amorphous Si. There has been some in
tion about uniaxial lattice expansion in ion-implanted Si[6],
but its magnitude was found substantially larger than the
dicted value in uniaxially strained crystalline silicon, in
cating possible contribution from other sources. Swelling
fect has been observed in diamond and has been exp
assuming that the amorphous region contains vacanc
regions[7]. Similarly, He-implanted Si has shown surfa
swelling[8]. Tamulevicius et al.[9] proposed a simple mod
for radiation swelling in silicon. However, detailed quant
tive studies have not been performed on the mechanis
swelling in silicon. Positron annihilation studies on silicon
dicate that vacancy clusters are formed in the ion-damag
gion[10–12]. On the basis of swelling studies, ion-implan
pure amorphous Si (a-Si) was believed to be 1.7%
dense that crystalline Si (c-Si)[1]. However, contributio
from point defects to density change has not been taken
account.
921-5107/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.mseb.2005.04.003
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In this work, we have studied the swelling effect in ion-
implanted Si for a wide range of ion dose, ion-energy, im-
plantation temperature and post-implantation annealing con-
ditions. Swelling height is precisely measured using atomic
force microscopy (AFM), while thickness and microstructure
of the amorphous layer were measured by cross-sectional
transmission electron microscopy (XTEM). We argue that
surface-migrated Si atoms primarily contribute to the extra
physical step-height in the implanted region.

2. Experimental details

CZ grown Si (1 0 0) wafers were used for the present study.
Using photoresist mask of varying stripe width (0.2–5.0�m)
on Si wafer, alternating stripes of amorphous Si (a-Si) and
crystalline Si (c-Si) were produced by 80 keV Si ions im-
planted at room temperature to various doses in the range
6× 1014 to 6× 1016 ions/cm2. After removal of the photore-
sist mask, the step-height (swelling) at the boundary between
implanted and unimplanted region was measured using an
AFM. Measured heights at several stripes were averaged
for sufficient accuracy in swelling data. The horizontal scan
length for the AFM measurement was chosen to cover about
five alternating stripes of implanted and unimplanted regions,
which allows averaging of the measured swelling. The thick-
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Fig. 1. An AFM image of the step-height (swelling) observed in 80 keV
Si+-implanted at room temperature on a masked Si wafer, with dose
6× 1015 ions/cm2. Unimplanted region corresponds to masked region of
implantation.

ilar observation has been made for 80 keV He-implanted sil-
icon at a dose of 6× 1016 ions/cm2 [8]. However, saturated
step-height with He implants was comparatively less than the
height measured for Si implants, primarily due to the differ-
ence in ion mass. Note that the minimum dose used in this
work corresponds to amorphization dose for Si, and with in-
creasing dose the thickness of the amorphous layer increases
and becomes uniform. During the amorphization of the im-
planted Si layer, defect interaction takes place. At shorter
stripe width, migrating defects in the adjacent layer may in-
teract and due to the annihilation of defects, swelling height
is reduced. Further, in the implanted layer vertical strain is
higher than the horizontal strain in the layer. In case of closely

F afers
f
d .0
s e eye.
ess and quality of the amorphous layer was measured
TEM. Post-implantation isochronal annealing was car
ut at various temperatures in the range 450–1200◦C in steps
f 200◦C in flowing N2 gas and swelling was measured a
ach step of annealing.

. Results and discussions

Fig. 1 shows a typical AFM image of the 80 keV Si im
lanted on the masked Si wafer at a dose of 6× 1015 ions/cm2

ubsequent to the removal of the photoresist mask. Shar
ical steps between implanted and unimplanted regions
o surface swelling in the ion-damaged layer are clearly
n the figure. Typically several nanometers of step-height
bserved depending on the ion dose. The spike-like stru
een at the edge of the implanted region results from the r
al photoresist layer at the boundary. The actual swelli
easured by using the flat portion of the image and avera

t over multiple stripes. It is found that difference in measu
alues for several stripes show variation much below 0.5
ue to atomic resolution in the scanning probe, AFM te
ique offers quite high resolution compared to other con

ional methods of step-height measurements.
Fig. 2shows a plot of measured step-height for three

erent doses of Si implants as a function of stripe width
ower doses, swelling is found to be independent of the s
ize, whereas at higher dose (i.e., 6× 1016 ions/cm2) it shows
lear stripe size dependence. In particular, for stripes b
.0�m step-height reduces with lowering stripe widths. S
ig. 2. Step-height plotted as a function of stripe-width of masked Si w
or three different doses: 6× 1014, 6× 1015 and 6× 1016 ions/cm2. At higher
oses, clear stripe size dependence of swelling is observed below 3�m
tripe size. Dotted line passing through the data points is a guide to th
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Fig. 3. Measured step-height after annealing at various temperatures for
three different doses.

spaced stripes, interaction of the induced strain from adjacent
stripes in the damaged layer may cause relaxation of strain
resulting in lesser step-height. The effect is pronounced when
implanted ions themselves add measurable volume in the host
lattice as in the case of very high dose and heavy ion implants.
We have used the saturation value of step-height in each case
for quantitative analysis.

In Fig. 3, the annealing characteristic of the swelling is
shown as a function of step-by-annealing temperatures for
three different doses. For different doses, the swelling de-
cay characteristic as a function of temperature is found to
be similar. Annealing at 450◦C does not show any measur-
able change in the step-height. However, a marked reduction
in swelling is observed upon annealing at 650◦C for all the
samples, and the swelling reduces nearly exponentially with
temperature upon further annealing up to 850◦C, indicating a
thermally activated process. Finally, the step-height reduces
to a minimum after annealing at 1200◦C, though lower dose
samples recover at a relatively lower temperature as shown
in Fig. 3. Note that for the highest dose (6× 1016 ions/cm2),
the residual step-height of 16 nm after 1200◦C annealing is
larger than the height contributed by the implanted ions, as-
suming their rearrangement on a perfect crystalline Si (1 0 0)
lattice. The pure a-Si layer is known to regrow at or above
550◦C and we observe a change in height at 650◦C due to the
recrystallization. However, if the excess step-height was con-
t ould
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Fig. 4. Dark field XTEM image of the 80 keV, 6× 1015 ions/cm2 Si-
implanted Si: (A) as-implanted and (B) 1200◦C annealed. Extended defect
formation due to annealing is shown with arrow. Thickness of the amorphous
layer is measured from the XTEM image.

ing at 1200◦C. The as-implanted sample shows a uniform
amorphous layer whose thickness varies with ion dose, and a
sharp amorphous–crystalline (a/c) interface is seen for high
dose. Upon annealing up to 1200◦C, extended defects such
as dislocations are formed at the original a-Si/c-Si interface
as shown inFig. 4(B). Therefore, the extra step-height in
the annealed sample can be related in part to the volume oc-
cupied by the extended defects in the a/c interface. During
the high dose implantation, point defects that escape direct
recombination form defect clusters due to their close prox-
imity, and must contribute to the structure of the a-Si in the
subnanometer length scale. These defect clusters show high
thermal stability; in particular, the vacancy clusters in silicon
can be stable up to as high as 800◦C depending upon the
ion dose[13,14]. In pure a-Si, direct evidence for the dom-
inance of pentavacancy and hexavacancy clusters have been
obtained from positron lifetime studies[12]. In the present
case, the annealing behavior shown inFig. 2 also suggests
that higher order vacancy clusters are present in pure a-Si.

To understand further the contribution of defects, we have
studied the effect of ion-energy on the swelling height.Fig. 5
shows XTEM images of the a-Si layer that are formed with
80 and 40 keV Si ions at a dose of 6× 1015 ions/cm2. In both

F or 40
a )
s elling
w

ributed by the lattice expansion only the step-height w
e negligible after recovery of the a-Si layer. Usually the

ects present in the amorphous layer partially anneals o
lower temperature. However, in case of high dose imp

ation the ion-damage related lattice strain is partly rele
y the formation of extended defects during annealing.Fig. 4
hows cross-sectional TEM images of the ion-implante
dose of 6× 1016 ions/cm2) layers before and after anne
ig. 5. XTEM image showing the comparison of a-Si layer thickness f
nd 80 keV Si implants on Si at a dose 6× 1015 ions/cm2. Implant (40 keV
hows a thickness of about half that of the 80 keV implant, though sw
as identical in both cases.



P.K. Giri / Materials Science and Engineering B 121 (2005) 238–243 241

cases uniform amorphous layer is formed from the surface.
The thickness of the amorphous layer is found to be∼210 nm
for 80 keV and∼110 nm for 40 keV Si ions. However, AFM
measurements show exactly identical swelling in both cases.
If the swelling has to occur due to lattice expansion in the
amorphous layer, different layer thickness would give rise to
different swelling height, which is contrary to our observa-
tion. Hence, lattice expansion proposed in the literature[6]
cannot fully account for the observed swelling. Oxygen ion-
implanted amorphous Si layer showed a swelling of 22 nm
for amorphous layer-thickness of only 50 nm[15]. Therefore,
swelling could not be related to the lattice expansion. These
results have been explained on the basis of plastic flow of
materials under irradiation[16]. Plastic flow of materials has
been explained to be a result of spatial distribution of the
vacancies and interstitial atoms[17]. In silicon, suppression
of the radiation swelling at high temperatures of the sub-
strate or high beam-current densities has been explained by
the annihilation of radiation defects[12]. For such a defect-
mediated process, the radiation swelling is expected to have
a maximum at an elevated temperature. For low tempera-
ture it is limited by the slow diffusion process; when at high
temperatures dynamic annealing and recrystallization of the
implanted sample takes place.

We further studied the effect of implantation tempera-
ture on the swelling height. Implantation at low temperature
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Fig. 6. Excess step-height as a function of cube root of dose in as-implanted
Si. The dashed line represents a linear fit to the experimental data passing
through the origin.

For a quantitative understanding, the extra height added by
the implanted ions and sputtering effect must be taken into
account. To calculate the height added by the implanted ions,
it is assumed that extra atoms are arranged on the (1 0 0)
planes of the original Si lattice and sputtering induced re-
moval of the Si layer has been taken into account. Thus the
calculated/expected step-height due to the volume occupied
by the ions and excess step-height are shown inTable 1.

Dose dependence of the excess step-height is plotted in
Fig. 6, where the experimental data are shown with symbols.
Excess step-height shows a cube root dependence on dose as
evidenced by the linear fit passing through the origin (dashed
line). This is very similar to the cube root dose dependence
of strain in ion-implanted Si reported by Tamulevicius et al.
[9], and cube root dose dependence of the vacancy concen-
tration in Si reported by Krause-Rehberg and Leipner[18].
In both cases, defect-mediated process was proposed for the
observed effect. This striking similarity of the dose depen-
dence for vacancy concentration and excess step-height in
self-ion-implanted Si strongly suggest a correlation between
vacancy concentration and swelling in ion-irradiated Si. The
annealing behavior of the swelling shown inFig. 3 is qual-
itatively similar to the annealing of open volume defects in
heavily damaged silicon[18].

The annealing characteristics of the observed swelling
strongly suggest that the region directly modified by the ions
c espite
t ta-
t mply
t te to
t ion-
i imity
t s ex-
77 K) showed reduced swelling (20 nm) as compared t
welling measured for room temperature (296 K) impl
22 nm) at a dose 6× 1016 ions/cm2. Since the implantation
nduced point defects are less mobile at low temperature

fraction of these defects do not reach the surface, th
uced swelling is clearly indicative of the defect-contro
echanism for the growth of the excess swelling. Howev
7 K Si interstitials are quite mobile as compared to the S
ancies. Therefore, reduction in swelling is not so substa
t 77 K. We believe that effect of implantation tempera
n swelling would be more pronounced for implantatio
ryogenic temperatures (<10 K).

Table 1shows the measured swelling height and thick
f the a-Si layer for different doses. Measured swelling
ibits a sublinear dependence on the dose. The damag

ution leading to amorphization in Si is also known to v
ublinearly with dose due to dynamic annealing of defe

able 1
ummary of the measured data for a-Si thickness (d) and step-height (h) for
arious doses of Si implantation

ose (ions/cm2) d (nm) Measuredh
(nm)

Expectedh due
to ions volume
(nm)

Excessh
(nm)

.0× 1014 128 4 0.12 3.92

.6× 1015 196 6 0.32 5.80

.0× 1015 209 7.5 1.21 6.76

.8× 1016 232 12 3.63 9.79

.6× 1016 236 17 7.26 12.59

.0× 1016 248 22 12.10 14.65
ontains excess vacancies or open volume defects. D
he incorporation of extra ions in the lattice during implan
ion, the presence of excess vacancies in the bulk would i
hat a fraction of the displaced silicon atoms must migra
he surface and should contribute to the swelling. In keV
mplanted Si, the displaced atoms due to their close prox
o the surface can migrate toward the surface and leave
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cess vacancies in the damaged region. The change in average
bond length and the distortion in bond angle result in a struc-
ture with more open volume than that present in crystalline Si
[19]. We also note that at high dose, with increasing dose the
change in thickness of the amorphous layer is not as much
as the change in step-height (seeTable 1). Hence, swelling is
primarily caused by the Si atoms that have migrated towards
the surface. Our explanation is fully consistent with the ob-
servation made in Ref.[8] for He-implanted Si that showed
a swelling of 10 nm as compared to the swelling of 22 nm
measured for Si implants. For identical energy and dose, He,
being a lighter atom than Si, creates less displacement dam-
age in Si and correspondingly a fewer atoms migrate to the
surface resulting in lesser swelling. Studies with He implan-
tation showed that number of silicon atoms in the step-height
was nearly equal to the number of vacancies in the bubbles
formed inside the implanted Si[8] layer. Hence, surface mi-
gration of atoms occurs irrespective of the ion species.

More direct evidence for the accumulation of Si atoms
at the surface comes from ellipsometric study of Ar-ion-
damaged Si layer. For this purpose, 120 keV Ar-ions are
implanted on Si (1 0 0) wafers above amorphization thresh-
old doses and spectroscopic ellipsometry measurements were
performed to model the a-Si layer with a rotating polarizer
type ellipsometer in the photon energy range 1.8–5 eV. Imag-
inary part of the pseudodielectric function (ε ) is plotted as
a -
t ium
a yers

F
a ce of
a the
e
t

consisting of the layers I–IV as shown in the inset ofFig. 7.
The experimental data is shown with symbol (open circles)
and the fitted data is shown as solid line inFig. 7for two differ-
ent doses. More details of this fitting procedure can be found
elsewhere[20]. Our analysis showed that besides the thick
a-Si layer produced by the direct beam, there is a thin amor-
phous Si layer (thickness of a few nm) just above the original
Si surface and beneath the native oxide layer in all implanted
samples. This near-surface a-Si layer (layer II) thickness is
about 5 nm and it is comparable to the oxide thickness (layer
I) measured for different doses. Layer II merges with layer
III for very high dose implantation, whereas at lower doses
layers II and III can be distinctly identified with the help of
fitting. At lower dose, layer III is a mixture of a- and c-Si
fraction and with increasing dose c-Si fraction diminishes to
zero. This layer II is believed to originate from the redistri-
bution of migrated Si atoms produced by displaced atoms
from the buried damaged region towards the surface and to
a subsequent segregation process. Note that the amorphous
layer thickness measured by ellipsometry in Ar-implanted Si
is quite similar to the thickness measured in Si-implanted
Si using TEM imaging. Therefore, ellipsometric results con-
stitute a direct verification of the fact that Si atoms indeed
migrate to the surface during the room temperature implan-
tation and contribute to the swelling. Lohner et al.[21] have
made similar observations in heavy-ion-implanted silicon.
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function of energy inFig. 7for two different doses. To ob

ain a proper fit to the experimental data, effective med
pproximation was used to model the ion-damaged la

ig. 7. Imaginary part of the pseudodielectric functions (ε2) of Ar-implanted
morphus Si layer fitted with a multiplayer model to show the presen
-Si (layer II) over the ion-damaged layer (layer III). Symbols show

xperimental data, solid line shows the fitted data in each case. Inset shows
he multilayer model used for the fitting using effective mass approximation.

i tion
t lan-
ur studies also show that at very high doses, contrib
f the oxide layer (layer I) would be important for a m
ccurate analysis of the swelling in Si[20].

It may be noted that the surface expansion is likel
e different quantitatively for low-energy (keV) and hig
nergy (MeV) ion implantation due to the different depth

he defects created. At the keV energy range, lower en
ons would produce lesser displacements resulting in l
tep-height. However, as the lower energy ions produce
lacement close to the surface, probability of interstitia
toms to migrate to the surface is more before recomb
ith the vacancy and hence more atoms would segrega

he surface, which compensates for the lesser displace
er atom finally resulting in same step-height. A closer
t the fitting ofFig. 6reveals that for lower dose, step-hei

s higher than that expected from cube root dose depend
ith increasing dose, the a-Si layer thickness grows and

laced Si atoms is likely to get trapped by the already pre
amaged layer resulting in a lesser step-height than th
ected from undamaged layer. Correspondingly, step-h
t lower doses is found to be higher than that expected
ube root dose dependence. Hence, cube root dose d
ence of step-height is more appropriate for high dose reg

. Conclusions

Surface swelling of self-ion-implanted silicon has b
nvestigated as a function of ion dose, energy, implanta
emperature and post-implant annealing conditions. Imp
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tation temperature and energy dependence of the swelling
clearly suggest the involvement of ion-induced defects in the
measured swelling. Swelling height in excess to that con-
tributed by implanted ion volume is argued to originate from
the out-diffusion and segregation of the displaced Si atoms
on the surface and thereby leaving corresponding number
of excess vacancies in the host material. Spectroscopic el-
lipsometry studies provide supporting evidence for surface
segregation of the displaced Si atoms.
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